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Abstract
Atmospheric volatile organic compounds (VOCs) are involved in ozone and aerosol
generation, thus having implications for air quality and climate. VOCs and their emis-
sions by vegetation also have important ecological roles as they can protect plants from
stresses and act as communication cues between plants and between plants and ani-5
mals. In spite of these key environmental and biological roles, the reports on seasonal
and daily VOC mixing ratios in the literature for Mediterranean natural environments
are scarce.
We conducted seasonal (winter and summer) measurements of VOC mixing ratios
in an elevated (720ma.s.l.) holm oak Mediterranean forest site near the metropolitan10
area of Barcelona (NE Iberian peninsula). Methanol was the most abundant compound
among all the VOCs measured in both seasons. While aromatic VOCs showed almost
no seasonal variability, short-chain oxygenated VOCs presented higher mixing ratios
in summer, presumably due to greater emission by vegetation and increased photo-
chemistry, both enhanced by the high temperatures and solar radiation in summer. Iso-15
prenoid VOCs showed the biggest seasonal change in mixing ratios: they increased by
one order of magnitude in summer, as a result of the vegetation’s greater physiological
activity and emission rates. The maximum diurnal concentrations of ozone increased
in summer too, most likely due to more intense photochemical activity and the higher
levels of VOCs in the air.20
The daily variation of VOC mixing ratios was mainly governed by the wind regime of
the mountain, as the majority of the VOC species analyzed followed a very similar diel
cycle. Mountain and sea breezes that develop after sunrise advect polluted air masses
to the mountain. These polluted air masses had previously passed over the urban
and industrial areas surrounding the Barcelona metropolitan area, where they were25
enriched in NOx and in VOCs of biotic and abiotic origin. Moreover, these polluted air
masses receive additional biogenic VOCs emitted in the local valley by the vegetation,
thus enhancing O3 formation in this forested site. The only VOC species that showed
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a somewhat different daily pattern were monoterpenes because of their local biogenic
emission. Isoprene also followed in part the daily pattern of monoterpenes, but only in
summer when its biotic sources were stronger. The increase by one order of magnitude
in the concentrations of these volatile isoprenoids highlights the importance of local
biogenic summer emissions in these Mediterranean forested areas which also receive5
polluted air masses from nearby or distant anthropic sources.
1 Introduction
Volatile organic compounds (VOCs) present in the atmosphere have both natural and
anthropogenic sources. Among the natural origins, emission by vegetation is regarded
as the greatest source at a global scale (Guenther et al., 2006). VOCs play several10
key roles in atmospheric chemistry which make them highly relevant for study, for ex-
ample their implication in tropospheric ozone and aerosol generation. VOCs, together
with nitrogen oxides (NOx) and solar radiation are the ingredients needed to promote
the photochemical formation of tropospheric ozone (Atkinson, 2000; Sillman, 1999).
Ozone is an oxidant pollutant that has negative effects on plants (Fowler et al., 2009),15
poses a threat to human health (Lippmann, 1993) and acts in the troposphere as a
greenhouse gas. VOCs are also precursors of atmospheric aerosols (Kavouras et
al., 1998; Tunved et al., 2006), which can have significant climate implications (Kul-
mala et al., 2004; Pacifico et al., 2009). In a context of global change, the relation-
ships between VOCs, particles and ozone are a hot topic in current scientific research20
(Pen˜uelas and Staudt, 2010). They all are involved in biogeochemical cycles and take
part with other global change drivers in complex feedbacks with the climate (Arneth et
al., 2010). Atmospheric VOCs and their emissions by vegetation are also ecologically
important because VOCs can protect plants against high temperatures (Pen˜uelas et
al., 2005; Singsaas and Sharkey, 1998), high irradiance (Pen˜uelas and Munne´-Bosch,25
2005), and oxidative stress (Pen˜uelas and Llusia`, 2002; Velikova et al., 2005). In addi-
tion, they also act as plant-plant communication signals (Baldwin et al., 2006; Heil and
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Kost, 2006; Kegge and Pierik, 2010; Pen˜uelas et al., 1995; Pierik et al., 2003; Seco
et al., 2011). Likewise, VOCs play a role in plant-animal relationships, not only involv-
ing plant-pollinator relationships (Wright and Schiestl, 2009) or direct defense against
herbivores, but also indirect defense through the attraction of the natural enemies of
the herbivores (Kessler and Baldwin, 2001; Llusia` and Pen˜uelas, 2001; Pichersky and5
Gershenzon, 2002).
In the Mediterranean area, where the potential for biogenic VOC emissions and pho-
tochemistry is high, ozone and particle formation can be elevated and the ecological
role of VOCs can be very significant. However, there is scarce information on tropo-
spheric VOC mixing ratios in the Mediterranean region. Ozone has been measured10
in high concentrations in the Mediterranean area (Gimeno et al., 1995; Ribas and
Pen˜uelas, 2004; Ziomas, 1998), and has already been reported to produce damage
to plants in the Western Mediterranean Basin (Ribas et al., 2005; Sanz et al., 2000).
Moreover, ozone concentrations have been found to increase with altitude (Diaz-de-
Quijano et al., 2009; Evtyugina et al., 2009; Ribas and Pen˜uelas, 2006).15
In recent years, the proton transfer reaction mass spectrometer (PTR-MS) has en-
abled the simultaneous measuring of several VOCs, including some oxygenated VOCs
that are difficult to measure with other techniques (Seco et al., 2007, 2008). Also,
PTR-MS has improved the temporal resolution of these measurements, to the point
of making the use of micrometeorological techniques possible (Karl et al., 2001). Of20
late, papers have reported several concomitant surface-level VOC mixing ratios in nat-
ural areas, taking advantage of the PTR-MS technology in boreal and temperate re-
gions (Holst et al., 2010; Jordan et al., 2009; Lappalainen et al., 2009; Ruuskanen et
al., 2009; e.g. Spirig et al., 2005). Nevertheless, there are few studies dealing with
Mediterranean ecosystems (Davison et al., 2009).25
In this paper we report VOC data gathered during 2009 in an elevated site highly rep-
resentative of the montane Mediterranean forest (Terradas, 1999), located in a forested
mountain slope, in the Western Mediterranean Basin. We compared the VOC mix-
ing ratios between winter (February–March) and summer (July–August), and analysed
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their relationship with meteorological data, and with ozone (O3) and nitrogen oxides
(NOx, i.e. NO and NO2) concentrations. We also compared the VOC mixing ratio val-
ues and daily trends at this Montseny (MSY) site with those reported in the existing
literature for other natural areas worldwide.
2 Methods5
2.1 Measurement site
The Montseny site (MSY) was located within a densely forested natural park about
60 km to the NNE of the city of Barcelona (Catalonia, NE of the Iberian peninsula)
and 25 km from the Mediterranean coast (41◦46′45.63′′N 02◦21′28.92′′ E, 720ma.s.l.;
Fig. 1). The site is highly representative of the montane holm oak (Quercus ilex L.)10
forests in the Mediterranean regions of France, Italy, Greece and eastern Spain (Ter-
radas, 1999). At Montseny, these are dense forests of resprout origin, which evolved
from coppicing until the 1950s and selection thinning afterwards (Avila and Rodrigo,
2004).
To our knowledge, this was the first time that VOC mixing ratios were measured15
continuously over several days at this Mediterranean forest location, which has a long
record of other ecological and biogeochemical parameters such as nutrient cycling
(Avila et al., 2002), dry and wet deposition (Avila et al., 1998, 2007, 2010; Avila and
Roda` 2002; Avila and Alarcon 2003), hydrology (Pin˜ol et al., 1992), and particulate
matter (Perez et al., 2008; Pey et al., 2009), among others.20
2.2 VOC measurements
VOC measurements were conducted with two different Proton Transfer Reaction-Mass
Spectrometers (PTR-MS), one for each season, installed in an uninhabited traditional
rural house (La Castanya). The house is situated in a forest clearing in a south-facing
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slope of the mountain, surrounded by the holm oak forest. Both PTR–MS set-ups
sampled ambient air through a heated inlet line (4m long), made either of deactivated
Sulfinert (winter) or teflon (summer) tube, installed at 3 m height in a forest gap. The
inlet line was filtered with a teflon membrane (winter) or glass wool (summer) to pre-
vent dust and particle intake. System background for both instruments was measured5
approximately every two hours by sampling zero air made by passing air through a
catalytic converter, and instrument sensitivities were obtained by frequent calibrations
with gas standards (Table 1).
For VOC monitoring during the winter measurements, a newly developed Proton
Transfer Reaction-Time of Flight-Mass Spectrometer (PTR-ToF-MS) was deployed. It10
combined a Time-of-Flight MS detector (Tofwerk AG, Switzerland) with the character-
istic chemical ionization system that defines PTR systems. A thorough description
and characterization of the PTR-TOF instrument is given by Graus et al. (2010). The
PTR-ToF-MS drift tube was operated at 2.3mbar, 600V, and 50 ◦C which corresponds
to a E /N ratio of 130Td (E being the electric field strength and N the gas number15
density; 1 Td= 10−17 Vcm2). Sensitivity calibrations for the PTR-TOF were performed
by dynamic dilution of VOCs using a multi-component gas standard (Apel Riemer En-
vironmental Inc., USA). The calibration gas contained acetone, acetonitrile, acrolein,
benzene, 2-butanone, ethanol, formaldehyde, hexanone, isoprene, methanol, monoter-
penes (α-pinene), toluene, o- and p-xylene. The time-of-flight path length is sensitive20
to temperature variation and therefore mass scale calibration was done continuously
by adding dichlorobenzene (protonated m/z = 146.9763) and trichlorobenzene (proto-
nated m/z = 180.9373) to the PTR-TOF inlet.
During the summer measurements, the site was equipped with a High Sensitivity
Proton Transfer Reaction-Quadrupole-Mass Spectrometer (PTR-Quad-MS, described25
by Lindinger et al., 1998). This instrument was operated at 2.3mbar, 580V, and 50 ◦C
drift tube conditions, which corresponds to a E /N of 122Td. Sensitivity calibrations for
the PTR-Quad-MS were performed by dynamic dilution of an aromatic VOC gas stan-
dard (TO-14A, Restek, Bellefonte, PA, USA). The calibration gas contained benzene,
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toluene, chlorobenzene, dichlorobenzene, styrene, ethyl benzene, xylene, trimethyl-
benzene, and trichlorobenzene. In addition, vapors of isoprene and monoterpene (α-
pinene and limonene) liquid standards were sampled to measure their relative trans-
mission efficiency and their fragmentation pattern. Mixing ratios of VOCs not present
in the calibration standard were calculated taking into account the VOC relative trans-5
mission, their measured fragmentation pattern and their proton transfer reaction rate
coefficients reported elsewhere (Zhao and Zhang, 2004) as described by de Gouw and
Warneke (2007).
These PTR systems have differences in the mass resolution of the VOCs analyzed,
since the ToF MS is capable of separating isobaric compounds that the PTR-Quad-MS10
detects at one single mass. Such differences are shown in Table 1, where the masses
measured and the VOC assigned to each mass are displayed. In the case of the ToF,
isobaric VOCs can be distinguished according to their exact mass, while in the case of
the Quadrupole the identification of VOCs is liable to interferences, although identifica-
tion was based on calibrations, experience, and well-known and almost interference-15
free VOC-mass correspondences (de Gouw and Warneke, 2007). For example, we
report measurements of protonated mass 47 in summer and attribute them to formic
acid/ethanol (Table 1), because the PTR-Quad-MS is not able to separate these two
compounds. In the winter measurements, the PTR-ToF-MS could have identified each
of them separately, but only ethanol was detected (Table 1). In the case of monoter-20
penes, neither PTR-MS system could separate the different isomeres. Thus, addition-
ally, samples were taken for monoterpene determination via gas chromatography-mass
spectrometry (GC-MS). Using a teflon line to sample from the same inlet point as the
PTR–MS systems and by means of a pump, ambient air was drawn through a tube
(8 cm long and 0.3 cm internal diameter) manually filled with terpene adsorbents Car-25
bopack B, Carboxen 1003, and Carbopack Y (Supelco, Bellefonte, PA, USA) separated
by plugs of quartz wool. The cartridges were prepared and then analysed in the labo-
ratory as described in Llusia` et al. (2010).
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For clarity, we have divided the measured VOCs into three groups according to
their structure and characteristics. One group is composed of short-chain oxygenated
compounds (oxVOCs): methanol, acetone, acetaldehyde, acetic acid, and formic
acid/ethanol (see Seco et al., 2007 for a review). The second group is formed by
the isoprenoids: isoprene and monoterpenes, and we additionally included here the5
compounds methyl vinyl ketone (MVK) and methacrolein (MACR), which are oxida-
tion products of isoprene. The third group contains the aromatic volatiles: benzene,
toluene, and C8-aromatics (a term that includes compounds like xylenes). Finally, we
also analyzed acetonitrile.
2.3 Meteorology and measurements of inorganic gaseous pollutants10
During both periods, meteorological data such as temperature, relative humidity, wind
direction and speed, precipitation, and solar radiation was gathered from an air mon-
itoring station that is part of the EUSAAR network (European Supersites for Atmo-
spheric Aerosol Research, recently created to integrate the measurements of atmo-
spheric aerosol properties at 21 high quality European ground-based stations). This15
station was located 200m away from the PTR-MS sampling site, in the same slope of
the mountain and at the same altitude (720ma.s.l.). The actual measurements were
taken from a tower, at 10m height (Pandolfi et al., 2011).
Real time measurements of ambient air levels of O3 and NOx (NO and NO2) were
provided by conventional gas phase air pollution monitors installed at the same sta-20
tion and maintained by the Department of the Environment of the Catalan Government
(Generalitat de Catalunya). Levels of NOx were measured by a chemiluminescence an-
alyzer (model 42iTL, Thermo Scientific) and those of O3 by the ultraviolet photometric
method (model 48AUV, MCV S.A., Barcelona).
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2.4 Data analysis and statistics
Calculations of VOC mixing ratios from the PTR-MS data, together with the treatment
and graphing of the data time series, were conducted using Igor Pro (Wavemetrics
Inc., Portland, OR, USA). The correlation coefficients between all the available data
variables (VOCmixing ratios, wind, temperature, solar radiation, and NO2 and O3) were5
calculated, in order to conduct a preliminary screening of possible relationships (see
Supplement). For this purpose the Statistica (StatSoft Inc., Tulsa, USA) package was
used. In addition, wavelet analysis was applied to analyze the relationship between
VOC mixing ratios and ozone concentrations in summer (see Supplement).
3 Results10
3.1 Meteorological conditions and atmospheric dynamics
The MSY site presents a typical Mediterranean climate with warm summers, temperate
winters and irregular precipitation rates (Perez et al., 2008). In fact, precipitation was
practically nonexistent during the periods reported in this paper. Average maximum
solar radiation reached around 600Wm−2 in winter and 800Wm−2 in summer (Fig. 2),15
and consequently the average temperatures differed 11–15 ◦C between the two peri-
ods (7–13 ◦C and 19–27 ◦C daily averages in winter and summer, respectively), while
relative humidity showed almost identical daily profiles (Fig. 2).
Air circulation in the MSY site is strongly determined by the topography of the valley,
and two main wind directions are usually recorded (Fig. 3). The southerly direction20
is present when the mountain and sea breezes develop during daytime, entering the
valley from the south. This is when the highest wind speeds are usually recorded. The
westerly direction corresponds to intense advections from the north and north-west,
channeled into the valley with a western direction (as was the case during the period
5–7 March), and to drainage flows during the night (Perez et al., 2008). The highest25
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wind speeds for winter were measured during the Atlantic advection scenario (days 5–
7 March) with values of up to 10ms−1. There were some problems encountered with
the recording software when measuring the wind speeds for summer and so the mag-
nitudes displayed seem to be lower than the real wind speeds of those days (Fig. 3).
3.2 O3, NO and NO2 concentrations5
Ozone concentrations showed similar values during the night and early morning both
in winter and summer (average around 75 µgm−3). About two hours after sunrise
they increased up to an average of 128 µgm−3 in summer (around 14:00 h GMT) and
95 µgm−3 in winter (peaks around 11:00 h and 15:00 h GMT) (Fig. 4). NO2 concentra-
tions showed a similar daily profile, with very similar summer and winter values dur-10
ing night and morning (average around 2 µgm−3), and then an increase (delayed by
around 2 h with respect to the rise in O3) reaching a first peak at 13:00 h and a sec-
ond peak around 17:00 h (winter) or 19:00 h (summer). Maximum average values were
11.6 µgm−3 for winter and 7.5 µgm−3 for summer (Fig. 4). NO concentrations were
usually below the limit of detection (<1 µgm−3) of the instrumentation deployed by the15
government at MSY. Only some episodes reaching peaks of 2–6 µgm−3 in winter were
recorded, resulting in maximum winter averages of 1.6 µgm−3, which took place when
NO2 concentrations also peaked (data not shown).
3.3 VOC mixing ratios
3.3.1 Seasonal differences20
All the VOC mixing ratios measured during the winter and summer campaigns as well
as their mean daily cycles are displayed in Figs. 5, 6, and 7, while Table 2 lists max-
imum and minimum values of the same data. Almost all the VOCs analyzed showed
higher average mixing ratios during the summer period than in winter. Only some
aromatic VOCs, normally linked to anthropogenic sources, had lower (benzene) or25
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similar (toluene and C8-aromatics) mixing ratios in summer compared to winter (Fig. 7).
The greatest difference in mixing ratios between seasons corresponded to the iso-
prenoids (Fig. 6), as seen by the 10-fold (isoprene and also its degradation products
MVK/MACR) and 21-fold (monoterpenes) increases in their hourly average maxima
(Table 2). In the case of monoterpenes, GC-MS analysis showed that the most abun-5
dant species were the same in winter and summer, α-pinene being the most abundant
one among them (51.4/31.9% in winter/summer), followed by sabinene + β-pinene
(27.1/28.8%) and limonene (9.5% in both seasons).
The VOC species with the highest mixing ratios in both winter and summer was
methanol (showing peaks of up to 9.7/13.4 ppbv and maximum hourly averages of10
2.7/6 ppbv in winter/summer), followed in winter by ethanol (with peaks of 8.9 ppbv and
maximum averages of 2 ppbv) and in summer by acetone (reaching up to 5.9 ppbv
and maximum averages of 3.8 ppbv, Fig. 5, Table 2). Regarding isoprenoids, monoter-
penes were more abundant (reaching maximum averages of 1.4 ppbv) than isoprene
(reaching maximum averages of 0.75 ppbv) in summer, whereas in winter both VOCs15
showed similar mixing ratios (around 0.07 ppbv maximum averages). Among the aro-
matic VOCs, toluene presented the highest mixing ratios (with peaks below 2ppbv and
maximum averages around 0.4 ppbv) in both seasons (Fig. 7).
3.3.2 Average daily cycles
Looking at the daily average mixing ratios and in general terms, all VOCs presented20
very similar diel cycles with maximum values during the daytime (Fig. 8). Linear cor-
relations between all of them showed variable Pearson’s correlation coefficients (r),
but they were always significant (p< 0.01) above 0.31 and with an average of 0.73 in
winter and 0.68 in summer (see Table S1 in the Supplement).
When considering the different groups of VOCs separately, it is apparent that al-25
though their daily pattern is not exactly the same in summer as in winter all short-chain
oxygenated VOCs (oxVOCs) and aromatics have almost the same daily pattern. Re-
lationships between isoprenoid VOCs (isoprene and monoterpenes) showed a mixed
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behaviour, depending on the season. In winter isoprene showed a diel cycle resem-
bling that of aromatic or oxVOCs (Fig. 8), while in summer its mean daily cycle was not
exactly like the any other cycle, neither that of oxVOCs, aromatics nor monoterpenes
(Fig. 8).
4 Discussion5
Our results show almost no seasonal variability for aromatic VOCs, whereas short-
chain oxygenated VOCs and isoprenoids in particular presented much higher mixing
ratios (one order of magnitude greater) in summer when the vegetation emission rates
increased considerably (also by one order of magnitude, Llusia` et al., 2011). The
highest diurnal concentrations of ozone increased in summer too, probably due to more10
intense photochemical activity and the higher VOC mixing ratios.
The daily variations in the mixing ratios of most VOCs measured in this study show
a very similar pattern. This fact, along with its correspondence in time with the wind
direction and speed (Fig. 8), suggests that the changes in VOC mixing ratios are driven
by the wind regime of the MSY site, which advects air masses from the metropolitan15
area of Barcelona during the daytime, and from the north-western pastures and forests
during the night.
4.1 Seasonal VOC mixing ratios
4.1.1 OxVOCs
Methanol is the second most abundant organic gas in the atmosphere after methane20
(Jacob et al., 2005), with mixing ratios lying globally within the range 0.2–195ppbv
(Seco et al., 2007). At MSYmethanol is found with the highest mixing ratios in both sea-
sons (Fig. 8; Table 2). Its direct sources, as well as those of the other short-chain oxy-
genated VOCs, include emissions from the vegetation (Filella et al., 2009), soil, dead
20401
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plant matter, as well as anthropic sources such as biomass and fossil fuel combustion
and industrial processes. In addition, oxVOCs can be formed secondarily as products
of reactions of other – biogenic or anthropogenic – hydrocarbons of higher molecular
weight. This is in fact the major atmospheric source of some of these oxVOCs, such as
acetaldehyde (Seco et al., 2007). So, the difference in oxVOC mixing ratios between5
seasons may be attributed mainly to two phenomena: (i) the larger biogenic emissions
in summer due to the increased physiological activity of vegetation, and (ii) increased
secondary production in summer due to greater photochemical reactivity as a result of
the higher temperatures and insolation. These compounds are characterized by a va-
riety of atmospheric lifetimes, which span from over 10 days for acetone and methanol10
(Jacob et al., 2005; Singh et al., 2004) to a few hours for acetaldehyde (Possanzini et
al., 2002). This may be the reason why acetone and methanol had the highest mixing
ratios in this group, even at night, and also why acetaldehyde showed the lowest mixing
ratios of all the oxVOCs measured (Fig. 8).
4.1.2 Isoprenoids15
It is generally considered that the main atmospheric source of isoprenoid VOCs is
direct emission from vegetation (Guenther et al., 1995). As in the case of oxVOCs,
increased emission rates of plants concurring with higher temperatures and radiation
must be the reason for the great rise in their mixing ratios in summer compared to win-
ter, which was the highest rise monitored in MSY (a 10- to 21-fold increase; Figs. 6 and20
8; Table 2). Likewise, isoprenoid leaf-level emissions by Q. ilex measured during the
campaign showed a similar increase of approximately one order of magnitude (Llusia`
et al., 2011). In this case, however, increased photochemistry would inhibit their mix-
ing ratios increase, as these isoprenoids are far more reactive in the atmosphere than
short-chain oxCOVs (Atkinson, 2000). Hence the vegetation source must have been25
stronger than the photochemical sink in summer.
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4.1.3 Aromatic VOCs
Aromatic VOCs did not change substantially in mixing ratios between winter and sum-
mer at MSY (Figs. 7 and 8; Table 2), suggesting their emission sources are of similar
strength all year round. Also, there are few sources of these compounds – mainly
tailpipe exhaust – in the local environment of the MSY site, probably restricted to a5
little road in the valley and some small villages. Therefore their mixing ratios in MSY
are assumed to come from relatively distant sources outside the valley. The aromatic
VOC with the largest seasonal variation was benzene (winter levels doubled those of
summer, see Table 2) but at the same time it was the aromatic VOC with less daily
fluctuation (Fig. 7). The latter may be related to the fact that benzene has the longest10
atmospheric lifetime (in the order of days) among the aromatics measured (Atkinson,
2000) and for this reason it may be better mixed within the atmosphere.
4.1.4 Acetonitrile
Acetonitrile is considered a biomass burning marker (Holzinger et al., 1999), given that
its main global source (94%) is biomass burning, with only a minor part (less than 6%)15
arising from fossil fuel combustion (Holzinger et al., 2001a). Similarly to benzene, its
relatively long atmospheric lifetime (Sanhueza et al., 2004) may yield good acetonitrile
mixing in the atmosphere, and as a consequence small daily variations of the mixing
ratios (Fig. 8). In contrast with benzene, at MSY acetonitrile mixing ratio was double in
summer compared to winter (Table 2).20
4.2 Daily cycles and wind regime
Mixing ratios of all VOCs at this forested site showed a marked diel cycle in both sea-
sons, and a very similar pattern, in most cases, within one particular season. This is
particularly apparent in winter, when on average all VOC levels except monoterpenes
– and to a lesser extent, acetonitrile – rose at the same time in morning, had almost25
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simultaneous peaks and decayed at the same moment in the evening (Fig. 8). Even
the aromatic compounds followed this behaviour, despite having few local sources in
the MSY valley. This common pattern indicates that the VOC mixing ratios measured
at the site are mainly governed by the wind regime of the mountain. In winter, after
sunrise the sea breeze starts to blow mountain upwards and VOC mixing ratios slightly5
increase, and about 2 h after that, they undergo a sharp increase. VOC levels are then
maintained more or less constant until the wind changes direction and reduces speed,
when at around 17:00 h GMT the sea breeze stops and the mountain drainage flow
towards the valley starts instead. This general daily cycle of VOC mixing ratios driven
by the wind is also observed in summertime. Such behaviour of atmospheric pollu-10
tants has been described elsewhere (Perez et al., 2008) and also for the same period
of our study when comparing PM levels in the city of Barcelona and MSY (Pandolfi et
al., 2011). In this case, the levels of fine particulate matter (PM1) increased in MSY
when corresponding levels in Barcelona decreased. This was partly attributed to the
mountain and sea breeze transport toward the MSY site.15
Both biogenic and anthropogenic emissions of gaseous and particulate matter accu-
mulate in the valleys and depressions (including the Barcelona metropolitan area) dur-
ing the night and early morning. Later in the morning the air masses from the Barcelona
metropolitan area are advected to MSY by the sea and mountain breezes, passing over
further heavily industrialized areas, with some cities in the range of 50 000–100 000 in-20
habitants and a number of highways, and hence taking up more pollutants. At the same
time, photochemical reactions take place within the air mass (e.g. ozone production,
VOC degradation, etc.), so the pollution plume is aged when it reaches MSY.
While the ozone concentration at MSY is the result of photochemical production that
has occurred over several hours (Sillman, 1999), in addition this air mass which is25
transported inland, loaded with a variety of anthropogenic pollutants (including VOCs),
mixes at the forested site with new biogenic VOCs. This mixing process with VOCs
produced locally at the valley where MSY is located may enhance ozone production
(Calfapietra et al., 2009; Pen˜uelas and Staudt, 2010). Ozone production depends on
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the VOC/NOx ratio of the air, and the MSY valley atmosphere in the early morning
has NOx-sensitive conditions, that may change to more favorable conditions for ozone
production when the breeze advects NOx from the metropolitan area. This could par-
tially explain the higher ozone concentration found in MSY (means of 75 µgm−3 at
night and 90–125 µgm−3 by day) compared to Barcelona city in both seasons (means5
of 40–50µgm−3 at night and 60–70 µgm−3 at day; Pandolfi et al., 2011, as several
reports have highlighted in other coastal-mountainous areas (Evtyugina et al., 2006;
Millan et al., 1997). Likewise, in the metropolitan area of Barcelona, at a NOx-rich
semi-urban site (i.e. very similar to the areas upwind of MSY during the daytime) with
high influence of urban, industrial and highway pollution, ozone levels measured were10
lower (means of 10–20 µgm−3 at night and 50–90 µgm−3 by day) than in MSY in both
seasons (Filella and Pen˜uelas, 2006a). Furthermore, other studies have reported that
ozone concentrations increase with altitude at mountain sites too (Diaz-de-Quijano et
al., 2009; Evtyugina et al., 2009; Ribas and Pen˜uelas, 2006). Of course another im-
portant cause of these higher ozone levels in the mountains is the lack of fresh NO15
emissions. In urban and semi urban environments the consumption of O3 by freshly
emitted NO to form NO2 represents an important sink for ozone. In addition, VOC mix-
ing ratios in summer, especially those of isoprenoids, were much higher than in winter
and this together with a higher solar radiation and temperature promoting photochem-
ical reactions, may partly explain the higher daytime ozone concentrations registered20
in summer.
Monoterpenes are a special case as regards this airborne VOC transport from pol-
luted areas. In winter and summer, monoterpene mixing ratios started to rise earlier
than the other VOCs, as soon as solar radiation started to increase too (Fig. 8), and
this was probably due to the local origin of monoterpenes. Monoterpenes were emit-25
ted by holm oaks which densely populate the MSY site and the valley just beneath.
Holm oaks are known monoterpene emitters (Kesselmeier and Staudt, 1999; Llusia`
and Pen˜uelas, 2000; Pen˜uelas and Llusia`, 1999a), as confirmed by leaf-level mea-
surements performed at MSY during this campaign (Llusia` et al., 2011). The case of
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isoprene was, however, different. Although it is normally considered a biogenic VOC,
it has also known anthropic sources, like automobile exhaust (Borbon et al., 2001),
while in the case of monoterpenes anthropic origins are scarce. The difference in the
mean wintertime diel cycle between isoprene and monoterpenes reflected in Fig. 8 may
be indicative that most of the isoprene detected in winter was also advected to MSY5
and maybe a considerable amount was anthropogenic. A previous study in an semi-
urban area in the metropolitan region of Barcelona (upwind of MSY) described this
dominance of the human-related sources of isoprene in winter (Filella and Pen˜uelas,
2006b). In addition, winter monoterpene emissions by the valley oaks were low (Llusia`
et al., 2011), as reflected in the low mixing ratios reported. Thus isoprene emission10
must have been even lower because the emission of isoprene has been reported to
be less than 5% of the emission of monoterpenes for this evergreen tree species
(Pen˜uelas et al., 2009). Of course we can not rule out the possibility that different
plant species of the vegetation found in the trajectory of the air masses as they were
advected by the sea breeze (i.e. before entering the MSY valley) were responsible for15
loading those air masses with isoprene. Following this reasoning, in summer part of
the isoprene at MSY may have also been anthropogenic, however the biogenic con-
tribution either from distant vegetation (advected, see Filella and Pen˜uelas, 2006b)
and from valley (local) isoprene-emitting species other than Q. ilex would have been
greater. Moreover, isoprene in summer did not follow so closely the daily cycles of20
aromatics or oxVOCs as in winter, and instead had an earlier rise in mixing ratios,
at the same time as monoterpenes did (Fig. 8). This may clearly indicate isoprene’s
summertime local biotic origin, at least in part. In contrast, most other VOCs including
isopene’s oxidation products MVK and MACR started to rise collectively with a certain
delay, when air masses advected by the sea breeze contributed to the VOC burden at25
MSY.
The only two other VOCs that also showed an early rise in the morning were
methanol and toluene. On the one hand, methanol has been reported to build up
inside the leaves of plants when stomata remain closed during the night, and then
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burst out when they open in the morning. This phenomenon is under the control of
the gas-liquid phase equilibrium of the alcohol within the leaf and of the stomatal con-
ductance (Filella and Pen˜uelas, 2006b; Filella et al., 2009; Niinemets and Reichstein,
2003). Some authors described this morning burst in mixing ratios, and attributed it to
this stomata-related response and to the evaporation of dew, supposing that methanol5
may be dissolved in it (Filella and Pen˜uelas, 2006b; Holzinger et al., 2001b; Sanhueza
et al., 2001; Warneke et al., 2002). On the other hand, toluene has been reported to
be emitted by plants (Heiden et al., 1999; White et al., 2009) and emissions of m/z
93 have been reported for Q. ilex and attributed to toluene (Holzinger et al., 2000).
However, the possibility that certain monoterpene fragments may contribute to m/z 9310
and thus being mistaken for toluene has been suggested (Kim et al., 2010). Notwith-
standing, Ambrose et al. (2010) has recently reported this interference to be practically
insignificant.
The high influence of the wind regime on VOC mixing ratios at MSY is illustrated
by Fig. 9, which contains the same information as Fig. 8 but corresponds only to the15
6 August, as representative for the atmospheric conditions of a number of days. On
6 August all VOCs, including monoterpenes, saw a reduction in mixing ratios when at
around 14:00–15:00 h the wind started to change speed and moreover change direc-
tion, turning from SE (around 120 degrees) to W (260–270 degrees). Solar radiation
did not change (e.g. due to clouds), so it is probable that local biogenic emissions did20
not decrease. This VOC mixing ratio reduction occurred simultaneously with a reduc-
tion in NO2 levels and a small increase in O3 concentration. At around 17:00 h the
wind went back to SE direction briefly and then changed at 18:00 h to N for the whole
night. VOC and NO2 concentrations increased again when the wind direction returned
to the SE direction, and sharply decreased when it changed to N. The SE wind direc-25
tion corresponded to the usual sea breeze that occurs at MSY, with the wind coming
valley upwards from the Barcelona metropolitan region. When the wind was blowing
from the W, the air was coming from another valley, and although Q. ilex is the dom-
inant plant species there too, before arriving at the MSY site the air passed over Pla
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de la Calma (1100–1300ma.s.l.), a plateau covered by heath communities of Calluna
vulgaris, Pteridium aquilinum, Festuca ovina, and Scleranthus annuus (Bolo`s, 1983).
This different vegetation, much less dense and with less biomass, probably emits much
less VOCs than the holm oak forests of the SE valley.
4.3 Comparison with VOC mixing ratios reported in the literature5
Data on VOC mixing ratios from several other natural environments have also been re-
ported (see Supplement for more details). In general, in Nordic environments oxVOC
and isoprenoid mixing ratios were lower than those measured at MSY, with only some
occasional peaks higher than at MSY (Holst et al., 2010; Lappalainen et al., 2009;
Rinne et al., 2005; Ruuskanen et al., 2009). These results are in accordance with10
lower photochemical activity and also the lower physiological activity of the vegetation
in Nordic regions, thus resulting in lower emissions compared to the Mediterranean
MSY. In a rural area near the coast in New Hampshire (East USA), the oxVOC mixing
ratios were also generally lower than at MSY in both seasons, while isoprenoids were
in the same range or slightly higher than at MSY (Jordan et al., 2009). A mixed forest in15
the northern USA presented lower monoterpene mixing ratios than at MSY in summer,
but higher isoprene mixing ratios (Mielke et al., 2010). The same situation for monoter-
penes and isoprene compared to MSY was found in a mixed forest in NW Germany in
summer, where methanol presented higher mixing ratios too (Spirig et al., 2005).
The only reports related to typical Mediterranean ecosystems are those from the20
Castelporziano site (Italy), surrounded by Q. ilex forests and macchia, and also influ-
enced by the urban environment of Rome. For the year 1994 and within the BEMA
campaign, Kalabokas et al. (1997) described a lower daily mean acetone mixing ratio
(1.74 ppbv) than in MSY summer. However, that campaign was held in May and this
mixing ratio is, accordingly, between our MSY winter and summer values. In contrast,25
the daily average mixing ratios of acetaldehyde (1.8 ppbv) were above those registered
at MSY. More recently in 2007, Davison et al. (2009) took measurements again at
the same site and period (May–June). The reported mixing ratios of methanol (me-
dians of 1.6 to 3.5 ppbv) and again acetone (0.96–2.1 ppbv) were in this case slightly
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lower than those at MSY, while acetaldehyde showed similar values (medians of 0.44–
1.3 ppbv). Regarding isoprenoids, the mediterranean site of Castelporziano showed
slightly lower mixing ratios of isoprene (medians of 0.1–0.37 ppbv) and MVK/MACR
(medians of 0.13–0.30 ppbv) and clearly lower monoterpene mixing ratios (medians
of 0.13–0.3) in May than at MSY in summer (Davison et al., 2009; Kalabokas et al.,5
1997). As with oxVOCs, the results for isoprenoids in summer in Castelporziano may
have been hypothetically closer to those from MSY, as these mixing ratios are some-
what in between the MSY winter and summer readings. Nevertheless summer drought
may exert a big influence in VOC emissions in Castelporziano and have the contrary
effect, as the authors pointed out when choosing the period for measurements (they10
considered that plants would have good temperature and water conditions for VOC
emission in May–June).
An interesting detail is that the maximum monoterpene mixing ratios in the 2007
Castelporziano campaign were detected at night, when the land breeze originated and
air was coming from oak and pine forests.These mixing ratios were higher (medians of15
0.26 to 0.57 ppbv) than the night ones at MSY. The authors attributed this behaviour to
the nighttime temperature-dependent emissions of stored monoterpenes by the pines
together with the cessation of photochemical destruction of VOCs and the suppression
of vertical mixing at night (Davison et al., 2009). In MSY, vertical mixing and photo-
chemistry were also suppressed at night, but the land breeze acted in the contrary20
sense, cleaning the air from VOCs. This may be in part due to the fact that there are
no significant tree populations in the surroundings that could emit monoterpenes from
storage pools at night, as holm oaks do not store monoterpenes. Rather they emit
them from de novo synthesis, influenced by temperature, irradiance and water avail-
ability (Llusia` and Pen˜uelas, 1999; Loreto et al., 1998; Pen˜uelas and Llusia`, 1999b;25
Staudt et al., 2002). It should be noted that some forest measurements at Hyytia¨la¨,
Finland (Rinne et al., 2005; Ruuskanen et al., 2009), at a rural location in New Hamp-
shire, USA (Jordan et al., 2009) and at a mixed forest in Germany (Mielke et al., 2010)
also reported higher monoterpene mixing ratios in summer at night.
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5 Summary and conclusions
VOC mixing ratio measurements in an elevated Mediterranean forested site (MSY) with
a dense vegetation dominated by Quercus ilex were performed. There were two sets
of measures, one in winter (February–March) and another in summer (July–August).
While aromatic VOCs showed almost no seasonal variability (only benzene had lower5
summer mixing ratios), short-chain oxygenated VOCs presented higher mixing ratios
in summer, presumably due to the increased emission by vegetation and increased
photochemistry, both enhanced by the high temperatures and solar radiation in sum-
mer. Methanol was the most abundant compound among all the VOCs measured in
both seasons.10
Isoprenoid VOCs (monoterpenes and isoprene, and its oxidation products
MVK/MACR) were involved in the biggest change in mixing ratios between winter and
summer. That is, their mixing ratios increased by one order of magnitude, as a result
of the increased physiological activity and emission rates of the vegetation. The high-
est diurnal concentrations of ozone increased in summer too, most likely due to more15
intense photochemical activity and the presence of more reactive VOCs in the air.
VOC mixing ratios analysis at the MSY forest site in the Western Mediterranean
Basin showed that their diel variation is mainly governed by the wind regime of the
mountain, since the majority of the VOC species analyzed followed a very similar daily
cycle. Sea and mountain breezes that develop after sunrise advect polluted air masses20
to the mountain that previously had passed over the Barcelona metropolitan region,
where they were enriched in NOx and in VOCs of anthropic and biotic origin. Further-
more, these polluted air masses can react with biogenic VOCs emitted at the MSY
valley by the vegetation, thus enhancing O3 formation in this mountain site. The only
VOC species that showed a distinct different daily pattern – though still affected by the25
wind regime – were monoterpenes, because they were emitted by the local vegetation
of the valley. Isoprene also shared partially the diel pattern of the monoterpenes, but
only in summer when its biotic sources were stronger. These high concentrations of
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biogenic volatile isoprenoids indicate the significant impact of local forested vegetation
on air quality in these Mediterranean areas which also receive polluted air masses from
anthropic sources.
Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/20389/2011/5
acpd-11-20389-2011-supplement.pdf.
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Table 1. Masses measured with the different PTR-MS systems and the corresponding VOC
identity assigned to them. The mean sensitivity and the limit of detection for each VOC are also
displayed. Sensitivities shown are transmission corrected and normalized to the primary ion
signal, taking into account all major molecular fragments. Detection limits (DL) were inferred
from a signal to noise ratio (S/N) of 2 according to DL = 2×SDblank/sensitivity, with SDblank
being the standard deviation of background countrates, as reported elsewhere (Karl et al.,
2003).
PTR-ToF-MS (winter) PTR-Quad-MS (summer)
Assigned VOC measured exact Sensitivity Limit of measured nominal Sensitivity Limit of
identity protonated mass (ncps ppbv−1) detection (ppbv)c protonated mass (ncps ppbv−1) detection (ppbv)d
Methanol 33.033 12.8 0.011 33 17.9b 0.415
Ethanol 47.048 1.1 0.066 – – –
Ethanol/formic acid – – – 47 16.2b 0.092
Acetone 59.049 22.4 0.003 59 28.5b 0.013
Acetaldehyde 45.033 22.4a 0.010 45 28.5b 0.036
Acetic acid 61.028 22.4a 0.008 61 17.5b 0.031
Isoprene 69.069 10.6 0.002 69 12.7b 0.021
MVK/MACR 71.09 22.4a <0.001 71 28.1b 0.009
Monoterpenes 81.070 and 137.132 15.0 0.004 81 and 137 18.5b 0.029
Benzene 79.054 12.5 0.001 79 16.9 0.008
Toluene 93.069 14.8 <0.001 93 16.9 0.015
C-8 aromatics 107.085 16.2 <0.001 107 15.9 0.010
Acetonitrile 42.033 22.6 0.001 42 19.2b 0.013
a These sensitivities were not measured in calibrations, and acetone sensitivity was used instead.
b These sensitivities were not measured in calibrations, but calculated using proton transfer reaction rate coefficients
and transmission coefficients.
c Calculated for a 30 min integration time.
d Calculated for an integration time of 2 s, except for mass 33 (0.5 s) and for masses ≥ 107 (5 s).
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Table 2. Minimum and maximum VOC mixing ratios (ppbv) recorded at MSY station during the
winter and summer campaigns.
WINTER SUMMER
VOC Minimum Maximum Hourly averages Hourly averages Minimum Maximum Hourly averages Hourly averages
minimum maximum minimum maximum
Methanol 0.256 9.761 1.279 2.704 1.410 13.400 4.142 6.053
Ethanol/formic acid <0.066 8.950 0.474 2.083 0.374 4.480 1.146 2.869
Acetone 0.257 3.897 0.787 1.547 0.967 5.950 2.260 3.834
Acetaldehyde 0.071 1.885 0.227 0.657 <0.036 3.370 0.541 1.264
Isoprene 0.003 0.184 0.019 0.071 <0.021 1.250 0.152 0.753
MVK/MACR 0.002 0.153 0.011 0.047 <0.009 1.040 0.166 0.537
Monoterpenes <0.004 0.234 0.005 0.067 0.035 2.560 0.127 1.421
Acetic acid 0.026 5.348 0.393 1.428 0.270 5.640 1.317 2.940
Benzene 0.059 0.470 0.105 0.190 0.008 0.194 0.039 0.090
Toluene 0.001 1.903 0.057 0.408 <0.015 1.340 0.083 0.467
C8-aromatics 0.003 1.328 0.031 0.249 <0.010 0.821 0.091 0.272
Acetonitrile 0.027 0.258 0.075 0.101 0.037 0.588 0.159 0.216
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Fig. 1. Location of the Montseny (MSY) measurement site, in relation to the city of Barcelona.
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Fig. 2. Solar radiation, temperature, and absolute and relative humidity during the winter period
(upper graph of each panel), during the summer period (lower left graph) and their mean daily
cycles (hourly averages) for both periods (lower right graph). Date labels indicate 00:00 GMT.
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Fig. 3. Wind direction and speed during the winter period (upper graph of each panel), during
the summer period (lower left graph) and their mean daily cycles (hourly averages) for both
periods (lower right graph). Note the different scaling for graphs on wind speed seasonal trend
graphs, however, also note that some problems were encountered with the recording software
when measuring the wind speeds for summer. Thus the magnitudes displayed seem to be
lower than the actual wind speeds of those days. Date labels indicate 00:00 GMT.
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Fig. 4. Ozone and nitrogen dioxide concentrations during the winter period (upper graph of
each panel), during the summer period (lower left graph) and their mean daily cycles (hourly
averages) for both periods (lower right graph). Date labels indicate 00:00 GMT.
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Fig. 5. Short-chain oxygenated VOCs measured at MSY, showing their mixing ratios during the
winter period (upper graph of each panel), their mixing ratios during the summer period (lower
left graph) and their mean daily cycles (hourly averages) for both periods (lower right graph).
Date labels indicate 00:00 GMT.
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Fig. 6. Isoprenoid VOCs and MVK/MACR measured at MSY, showing their mixing ratios during
the winter period (upper graph of each panel), their mixing ratios during the summer period
(lower left graph) and their mean daily cycles (hourly averages) for both periods (lower right
graph). Note the different scaling for the seasonal trend graphs. Date labels indicate 00:00
GMT.
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Fig. 7. Aromatic VOCs and acetonitrile showing their mixing ratios during the winter period
(upper graph of each panel), their mixing ratios during the summer period (lower left graph)
and their mean daily cycles (hourly averages) for both periods (lower right graph). Note the
different scaling for the seasonal trend graphs. Date labels indicate 00:00 GMT.
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Fig. 8. Mean daily cycles of the majority of the variables studied, comparing winter (left) with
summer (right). VOCmixing ratios are split into three separate panels, corresponding to Figs. 5,
6, and 7: (i) one for short-chain oxVOCs: methanol, acetone, formic acid/ethanol, acetic acid
and acetaldehyde; (ii) the second one for isoprenoid VOCs: monoterpenes, and isoprene and
its degradation products MVK/MACR; (iii) the last panel for acetonitrile and aromatic VOCs:
benzene, toluene, and C8-aromatics. Note the different scaling for the isoprenoid VOCs be-
tween winter and summer (one order of magnitude higher in summer).
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Fig. 9. Daily cycles of the majority of the variables studied, corresponding to the 6 August 2009.
Panels and traces are the same as in Fig. 8.
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